Unlike cellular mRNA, retroviral mRNA bypasses the tight coupling of the splicing and nuclear export steps to allow the export of intron-containing viral RNA transcripts to the cytoplasm. Two distinct nuclear export pathways for retroviral mRNA have been described: a CRM-1 dependent pathway mediated by the HIV-1 Rev protein and the Rev Response Element (RRE), and a CRM-1 independent pathway mediated by the Constitutive Transport Element (CTE) of type D retroviruses. Two CTE-binding proteins, RNA helicase A (RHA) and Tap, have been implicated in the nuclear export of CTEcontaining RNA. Recently, we reported that expression of RRE-containing RNA could also be mediated by a cellular protein, Sam68, independently of Rev. Here we report evidence that Sam68, RHA and Tap cooperate in the nuclear export of both CTE-and RRE-containing RNA. RHA binds to Sam68 and to Tap both in vivo and in vitro. Over-expression of Sam68 activates both RREand CTE-regulated reporter gene expression in human cells and in quail cells in the presence of human Tap. This activation was competitively inhibited by the nuclear transport domain (NTD) of RHA and a transdominant negative mutant of Tap. Conversely, the activation of CTE by Tap in quail cells was inhibited by a transdominant mutant of Sam68 and NTD. We propose that both HIV and type D retroviruses may access the same constitutive RNA nuclear export pathway involving RHA, Tap and Sam68, even though HIV also utilizes the Rev protein for more ecient nuclear export. it is likely that this constitutive export pathway is also used by cellular mRNA, but at a dierent interface with the splicing process.
Introduction
The nuclear/cytoplasmic tracking of RNA and proteins is a key step in eukaryotic cell regulation. The dierent components of the transport machinery (e.g. adapters, receptors, nucleoporins) are only beginning to be enumerated (reviewed in Nigg, 1997; Nakielny and Dreyfuss, 1999) . Much insight into the nuclear export of RNA-protein (RNP) complexes has been derived from the studies of retroviruses. Although retroviruses are unique in that they need to export intron-containing mRNA, they seem to have co-opted the same export pathways utilized by cellular mRNA and proteins. Two major pathways for the nuclear export of intron-containing retroviral mRNA have been described. Human Immunode®ciency Virus (HIV) and other complex retroviruses encode a protein, Rev, which contains a leucine-rich nuclear export sequence (NES) that binds to a viral RNA element, RRE, and to the nuclear export receptor, CRM-1. Thus, Rev functions as an adapter between the intron-containing viral mRNA and the CRM-1 export machinery (reviewed in Pollard and Malim, 1998) . Another viral RNA export motif is the Constitutive Transport Element (CTE) found in type D retroviruses (Bray, 1994; Zolotukhin, 1994; Tabemero 1996; Pasquinelli, 1997; Saavedra, 1997) . CTE does not interact with a trans-acting viral protein, but two cellular proteins that bind to CTE have been identi®ed. We ®rst reported that RNA helicase A (RHA) was a nuclear shuttle protein that bound speci®cally to functional CTE (Tang et al., 1997) , and that injection of an anti-RHA antibody blocked CTE-mediated gene expression in human cells (Li et al., 1999) . A bi-directional nuclear transport domain (NTD) of about 100 amino acids in length was mapped to the carboxyl terminus of RHA . The second CTE-binding protein is human Tap (Yoon et al., 1997; Gruter et al., 1998) . Functional studies in both Xenopus oocytes and mammalian cells further supported the role of Tap in CTE-mediated RNA export and gene expression (Gruter et al., 1998; Kang and Cullen, 1999; Braun, et al., 1999; Bear et al., 1999) . Interestingly, we recently observed a direct interaction of Tap and RHA in vitro and in vivo (Tang and Wong-Staal, submitted) . Furthermore, activation of CTE-mediated gene expression by Tap or RHA was inhibited by negative dominant mutants of both proteins, suggesting a functional interaction of Tap and RHA in vivo.
Both RHA and Tap appeared to be involved in the nuclear export of at least a subset of cellular mRNA as well. Tap is a general RNA-binding protein that associates with one of the nucleoporins, Nup214 (Katahira et al., 1999) . In yeast, mutation of its homolog gene, Mex67p, leads to accumulation of poly (A) RNA in the nucleus (Segref et al., 1997) . RHA has been reported to associate with pre-mRNA in vivo, suggesting a role in cellular mRNA processing/export (Zhang et al., 1999) . It is possible that Tap and RHA cooperate in the nuclear export of both viral and cellular mRNA.
Recently, we reported that a cellular protein, Sam68, when over-expressed, was able to substitute for and synergize with HIV-1 Rev in activating RRE-directed gene expression . Furthermore, transdominant mutants of Sam68 inhibited Rev function both in a reporter construct and in the context of wild-type infectious HIV-1 . The function of Sam68 was not mediated by CRM-1, as the drug leptomycin B, which speci®cally disrupts complex formation between CRM-1 and Ran-GTP (Wol et al., 1997; Fukuda et al., 1997) , did not inhibit the activity . We originally became interested in Sam68 because of its partial homology to a truncated cDNA that encodes an RHAinteracting protein detected in a yeast two-hybrid assay (data not shown). However, in the initial study, we did not observe a signi®cant activation of a CTE-CAT reporter gene by overexpression of Sam68 (less than twofold). In this study, we revisited the issue of Sam68 and RHA interaction. Our results suggest that RHA and Tap are both involved in the Sam68 mediated activation of RRE directed gene expression. Furthermore, Sam68 also cooperated with RHA and Tap in the activation of a CTE-gag-pol reporter gene expression. Thus, it appears that both RRE and CTE are able to access a constitutive nuclear export pathway involving RHA, Tap and Sam68.
Results

Interaction of RHA with Sam68 and Tap
GST pull-down experiments were performed to test the interaction between Sam68 and RHA. A HeLa nuclear extract was used as the source for RHA. Extracts were incubated with column-bound GST, GST-Sam68 and GST-TAP (positive control) to form protein complexes. After extensive washing, the bound proteins were separated by PAGE and transferred onto a nitrocellulose membrane. RHA was identi®ed by a polyclonal antibody on a Western blot. As shown in Figure 1a GST-Tap speci®cally pulled down RHA (lanes 3 and 4), consistent with previous observations (Tang and Wong-Staal, submitted) , while GST did not show any binding to RHA (lanes 1 and 2). GST-Sam68 also selectively brought down RHA (lanes 5 and 6). The interactions between RHA and Sam68 or Tap were not aected by the presence of the mutant RanQ69L (Bischo et al., 1994; Klebe et al., 1995) , suggesting that RanGTP did not play a role in these interactions. RNase treatment also did not aect the binding of RHA to Sam68 or to Tap (data not shown), suggesting that RNA did not bridge these interactions.
To test the in vivo interaction between Sam68 and RHA, co-immunoprecipitation experiments were performed. Total cellular proteins from HeLa cells were subjected to immunoprecipitation with an anti-RHA antibody. The precipitated proteins were separated, transferred to a PVDF membrane and probed with a monoclonal antibody against Sam68. Pre-immune rabbit serum was used as a negative control. Sam68 was speci®cally co-immunoprecipitated by the anti-RHA antibody while the control serum did not produce any signal (Figure 1b) .
Dominant negative mutants of RHA and Tap inhibit Sam68 activation of HIV-1 RRE-mediated gene expression
We previously identi®ed a bi-directional transport domain (NTD) at the carboxyl terminus of RHA . Over-expression of NTD exerted a modest inhibitory eect on CTE-mediated reporter gene expression in mammalian cells (Tang and WongStaal, unpublished data) . The low level of inhibition may be due to the high endogenous level of RHA. In order to determine the functional relevance of Sam68 and RHA interaction, we examined the eect of NTD on Sam68 activation of RRE-directed gene expression. Additionally, because of our previous observation that RHA and Tap functionally interact in vivo (Tang and Wong-Staal, submitted), we also examined the eect of a transdominant Tap mutant (Tap-X) (Kang and Cullen, 1999; Tang and Wong-Staal, submitted) on Sam68 activity. The RRE-reporter plasmid NLgagRRE (Solomin et al., 1990) was used. As shown in Figure 2 , RRE-directed gag expression as measured by p24 antigen capture assays was trans-activated almost sixfold by exogenous Sam68. This expression was almost completely inhibited by NTD and Tap-X. A transdominant Sam68 mutant (DC') used as a positive control also abolished gag expression in this assay. In contrast, activation of RRE-gag by Rev was not inhibited by Tap-X ( Figure  2 ) or by NTD (data not shown).
Activation of CTE-mediated gag expression by Sam68 and Tap
We were intrigued by the functional cross-talk between RHA, Tap and Sam68 in mediating RRE activation. . 25 ug of HeLa nuclear extract was incubated with matrix-bound GST, GST-Sam68 or GST-Tap (positive control) for the binding reactions. RHA bound to the GST fusion proteins was eluted from the anity matrix, analysed by SDS ± PAGE and detected by a mono-speci®c polyclonal antibody. RanQ69L was included in half of the binding reactions (lanes 2,4 and 6). (b). The 293T cell extract was subjected to immunoprecipitation with either a rabbit pre-immune serum or an anti-RHA polyclonal serum. The precipitated proteins were run alongside a sample of the input cell extract for Western blotting and immunodetection with an anti-Sam68 antibody Since RHA and Tap have been postulated to be CTE co-factors (Tang et al., 1997; Gruter et al., 1998; Kang and Cullen, 1999; Braun et al., 1999; Bear et al., 1999) , we were compelled to re-examine the potential eect of Sam68 on CTE-mediated gene expression. Two CTEreporter constructs, pCM138CTE (Tang et al., 1997) and pCM238CTE (Li et al., 1999) expressing CAT and LacZ respectively, were found to be only marginally activated by over-expression of exogenous Sam68 (5twofold, data not shown), consistent with our previous report . However, using the CTE-gag-pol reporter construct, pSV-gagpol-MPMVCTE (Bray et al., 1994) , we observed 420-fold increase in p24 expression in 293T cells (Figure 3a , left panel). Similar increase was also found when p24 from total cell extracts, instead of extracellular p24, was measured (data not shown), suggesting that the observed high levels of transactivation by Sam68 was not due to selective secretion of p24. However, Sam68 did not have any eect on RRE-and CTE-negative gag construct (data not shown). Three Sam68 mutants, including G178E, G178E/1184N and DKH that were inactive in RRE activation (Figure 3a , right panel) were also inactive for CTE activation (Figure 3a , left panel).
To determine if the activity of Sam68 on CTE is also intertwined with RHA and Tap, we examined the eects of transdominant mutants of these proteins. As shown in Figure 3b , activation of CTE-gag expression by Sam68 was inhibited by Tap-X, NTD and DC'. Olomoucine, an inhibitor of cdc2 kinase, previously shown to inhibit Sam68 activation of RRE , also completely inhibited Sam68 activation of CTE-gag expression.
We also examined the eect of Sam68 on CTE function in quail cells (Qcl-3), where CTE-mediated gene expression was previously shown to require the co-expression of a functional human Tap cDNA (Kang and Cullen 1999) . We co-transfected the Tap cDNA expression plasmid (pc-myc-Tap) and/or Sam68 cDNA with the gagpol-CTE reporter plasmid into Qcl-3 cells (Figure 4a ). Tap speci®cally enhanced CTE-mediated p24 expression about ®vefold, and Sam68 increased it about 2.5-fold. When co-expressed, Tap and Sam68 yielded an increase of about eightfold (Figure 4a ). We then tested the eects of the transdominant mutants of RHA and Sam68 on Tap mediated CTE activity in Qcl-3 cells. As shown in Figure 4b , excess NTD inhibited CTE function by about 30%, and the Sam68 DC' mutant completely abolished gene expression. Olomoucine also eciently inhibited Tap mediated CTE-gag gene expression in Qcl-3 cells.
Discussion
One unique feature of retrovirus replication is the requirement to export intron-containing viral mRNA from the nucleus to the cytoplasm. This process is mediated by speci®c viral RNA motifs that recognize viral and/or cellular factors involved in nuclear/ cytoplasmic transport. As such, they are valuable tools for identifying relevant cellular factors in nuclear transport pathways. The RRE element of complex retroviruses binds to an NES-containing viral protein, Rev, which in turn interacts with the export receptor CRM-1 (Fomerod et al., 1997; Fukuda, 1997; OssarehNazari, 1997; Stade et al., 1997; Ullman et al., 1997; Pollard and Malim, 1998) . The CTE element of type D retroviruses binds to two cellular proteins, Tap and RHA, both shuttle proteins having putative roles in cellular mRNA processing/nuclear export (see Introduction). Recently, we observed that Tap and RHA directly interact with each other and cooperate in enhancing CTE-mediated gene expression (Tang and Wong-Staal, submitted) .
As part of our eort to further understand the role of RHA in post-transcriptional regulation of gene expression, we searched for additional, functionally relevant RHA-binding proteins. Using a yeast twohybrid assay, we identi®ed a number of cellular proteins that speci®cally interacted with RHA, including a truncated protein with partial homology to Sam68 (data not shown). Interestingly, we found that over-expression of Sam68 activated RRE directed gene expression independently of, and synergistically with Rev, but had only minimal eect on the expression of a CTE-CAT reporter gene . In this study, we further examined the potential implications of RHA and Sam68 interaction. We con®rmed that Sam68 binds to RHA both in vitro (GST pull down) and in vivo (co-immunoprecipitation). More interestingly, we found that the activation of RRE-mediated gene expression by Sam68 was eciently inhibited by transdominant mutants of both RHA (the carboxylterminal NTD) and Tap (Tap-X) (Kang and Cullen, 1999, Tang and Wong-Staal, submitted) , suggesting that all three proteins cooperate in this activation pathway. These results also compelled us to re-examine the eects of Sam68 on CTE function. We found that while Sam68 only marginally activated a CTE-CAT and CTE-LacZ reporter genes, it activated a CTE-gag-pol construct 15 ± 30-fold. The basis for this discrepancy is not clear, but may be due to dierential strengths of the nuclear retention sequences (e.g. INS, CRS and cryptic splice sites) (Cochrane et al., 1991; Schwartz et al., 1992) in the two constructs. The activation by Sam68 was again inhibited by trans- Figure 2 Eects of RHA-NTD and Tap-X on Sam68 activation of RRE-directed gag gene expression. Human 293T cells were cotransfected with the indicated combinations of RRE-gag (0.2 mg), Tat (0.05 mg), Sam68 (0.2 mg), NTD (1.2 mg), Tap-X (1.2 mg) and Sam68 DC' (1.2 mg) expression plasmids. Forty-eight hours posttransfection, cell free supernatants were subjected to p24 antigen capture assay. The control plasmid pcDNA was used to equalize the amount of DNA to 1.5 mg for each transfection dominant RHA and Tap mutants. In quail cells, where CTE function was reportedly dependent on the addition of exogenous human Tap cDNA (Kang and Cullen, 1999) , Sam68 also activated CTE-mediated gag expression alone and synergistically with Tap. Furthermore, the activation by Tap was completely inhibited by a transdominant Sam68 mutant (DC'). The crossinhibition by the dierent transdominant mutant proteins cannot be simply due to competitive binding of CTE or RRE RNA. The RHA-NTD lacks the CTE binding domain , and Sam68D C' binds RRE very ineciently . It is more likely that they titrate critical cellular factors in the nuclear export pathway(s). 1 mg) , Sam68 (0.1 mg), NTD (2.5 mg), or Tap-X (1.3 mg) were analysed by p24 antigen capture assay. For treatment with olomoucine, the drug was added to the medium at 75 mm 18 h post transfection. After incubation for another 30 h cell free supernatants were collected for the p24 antigen capture assay Our results suggest that both RRE and CTE can access a constitutive nuclear export pathway involving RHA, Tap and Sam68. However, utilization by RRE is inecient under physiological conditions, requiring synergism from Rev for optimal viral expression. If RHA, Tap and Sam68 are also involved in the processing/export of cellular mRNA, the question still remains as to how intron-containing retroviral mRNA can bypass the splicing regulation to be exported. We had postulated previously that one of the functions of RHA was to release fully spliced mRNA from the splicing machinery, akin to the proposed role of HRH1 (Ohno and Shimura, 1996) . These helicases may normally be recruited to the spliceosomes only when splicing was complete, possibly through interactions with splicing proteins and weak, non-speci®c RNA interactions. Because of its higher anity and speci®c binding to CTE and RRE, RHA could be prematurely recruited to the spliceosomes prior to the completion of splicing, thus releasing the intron-containing viral mRNA (Li et al., 1999) . A similar mechanism of premature engagement of Tap may be invoked. Both Tap and RHA are shuttle proteins, and may be involved in shepherding the mRNA through the nuclear pore complex into the cytoplasm. In contrast, Sam68 seems to be restricted to the nucleus (Ishidate et al., 1997) , and its exact role in mRNA processing/ nuclear transport has not been de®ned. One can expect that many more cellular factors involved in viral and cellular mRNA export will be identi®ed, as the search for interacting proteins of these core components is extended.
Materials and methods
Plasmids construction
The construction of wild-type Sam68 and DC' mutant and PK-NTD expression plasmids was described previously. Mutant Sam68 DKH, G178E and Sam68G178E/1184N expression plasmids were constructed according to the procedures of Xu et al. (Xu W, McFadden BA, Zang Y, Reddy TR and Wong-Staal F. manuscript submitted). Tap-X was constructed by deleting the C-terminus of Tap in the plasmid pcTap (Tang and Wong-Staal submitted) .
Cells and transfections
Human 293T cells were maintained in DMEM supplemented with 10% bovine serum. Qcl-3 cells were maintained in M199 media containing 4% FCS and 1% chicken serum as described (Kang and Cullen, 1999) . Human 293T cells were transfected with the plasmid constructs with the Fugene6 (Boehringer Mannheim) and Qcl-3 cells with the Eectene (Qiagen) according to the manufacturer's protocols.
p24 antigen capture assays
The speci®ed amounts and combinations of plasmid DNA were transfected into 293T cells or Qcl-3 cells. The control vector, pcDNA3, was used to equalize the amount of DNA input for each transfection. Forty-eight or 72 h posttransfection, cell-free supernatants were collected and subjected to p24 antigen assay (Coulter, Hialeah, L, USA).
In vitro binding assays GST, GST-Tap and GST-Sam68 were expressed in E. coli BL21 and bound to glutathione beads. HeLa nuclear extracts were then incubated with the beads in the binding buer (10 mM Tris pH 8.0, 150 mM NaCl, 1 mM EDTA containing 1 mM DTT, 1 mM PMSF and 5% glycerol) for 3 h at room temperature before being washed four times with the binding buer. The beads were then re-suspended in SDS ± PAGE buer and boiled for 5 min before being loaded onto an 8% gel. For Western blotting. RHA was detected by a rabbit polyclonal antibody as described (Tang et al., 1997) ; Sam68 was detected by a monoclonal antibody directed against the C-terminal region of Sam68 (Santa Cruz Biotechnology, A., USA) .
Co-immunoprecipitation assay
293T cells were lysed in 1 ml of buer (10 mM Tris pH 7.8, 150 mM NaCl, 1.5 mM MgCl2 and 0.65% NP40). The cell lysate of HeLa cells was blocked with rabbit normal serum agarose beads for 1 h. The beads were removed by centrifugation and supernatant was then incubated with either a rabbit pre-immune serum or a rabbit polyclonal antibody against RHA for 1 h. Protein-A/G beads (Santa Cruz Biotechnology) were then added and the mixture was further incubated at room temperature for another 3 h before being washed four times with the lysis buer. The precipitated proteins were separated on a 10% gel and a monoclonal antibody raised against Sam68 was used to detect Sam68 protein.
